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An adiabatic demagnetization refrigerator (ADR) is described which was designed for
use in the multiband imaging photometer for the Space Infrared Telescope Facility
(SIRTF). This refrigerator was required to cool bolometric detectors for infrared and
miftimetre waves to 0.1 K. A paramagnetic salt pill with a number of novel features was
developed to meet the stringent requirements for an ADR used in space. An unusual
paramagnetic salt, chromic caesium alum (CCA), is used to meet the requirement of
thermal stability under the bake-out temperatures used in commissioning space
cryogenic vacuum systems. The cycle time for the refrigerator has been reduced to
~30 min by attention to thermal time constants and by growing the CCA salt directly on
to an array of gold wires. Crystal growing procedures were developed to overcome
problems with the low solubility of CCA in water. The salt pill is sealed in stainless steel
to retain water of hydration and is constructed of materials which are not corroded by

commonly used paramagnetic salts.
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Interest in the application of adiabatic demagnetization
refrigerators (ADRs) to the cooling of bolometric
detectors for astronomical observations has grown
rapidly in recent years. Temperatures below 100 mK
can be reached starting from a superfluid helium
reservoir at 1.5-2K. Under usual circumstances, the
power dissipation in the detectors is negligible, and
efficient lightweight single shot refrigerators can be
built with a hold time of more than 24 h and a duty cycle
of 95%. The efficiency of such refrigerators is close to
thermodynamic limits. They do not require the contain-
ment of cryogenic fluids and operate naturally in zero
g. Most issues of space qualification can be met in a
straightforward way.

The salt pill technology described in this paper was
developed for use on a specific space mission. The
Space Infrared Telescope Facility (SIRTF)' is a pro-
posed NASA satellite observatory which was designed
to study astronomical sources in the wavelength range
from 1.8 to 1200 um. The observatory will be cooled
by superfluid helium and will feature three instruments:
the infrared array camera (IRAC), the infrared spec-
trometer (IRS) and the multiband imaging photometer
for SIRTF (MIPS). The MIPS will have arrays of
detectors and will operate in both diffraction limited
and wide field modes. Bolometers were proposed for
wavelengths between 200 and 1500 um. To achieve
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background and confusion limited sensitivity, the
bolometers must have a noise equivalent power
(NEP)<2x 1077 WHz'"2. This sensitivity requires
cooling to temperatures below those attainable by *He
refrigerators. The MIPS project proposed to use
bolometers cooled to 0.1 K by an ADR. The prototype
SIRTF refrigerator is described in Timbie et al.>. A
summary of the SIRTF ADR project will be published
at a later date’.

In the spring of 1992, rationalization due to budge-
tary constraints forced removal of the long wavelength
bolometric channels from the MIPS. Consequently, it
does not appear that the technology described here
will be flown in its intended mission. However, an
ADR with very similar requirements is required to
cool X-ray bolometers on the approved NASA AXAF
spacecraft*®. Also, use of ADRs to cool infrared
bolometers is being discussed for the NASA Submilli-
meter Moderate Mission and the FIRST project of the
European Space Agency. On a shorter term, ADR
technology has been used successfully to cool infrared
bolometers for measurement of the anisotropy of
the cosmic microwave background on a balloon
telescope”® and from the South Pole® and plans are
well advanced to cool X-ray bolometers on a sounding
rocket'®. It is anticipated that many of the develop-
ments described here will be useful for a variety of
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future missions. In addition, ADRs similar to the one
described here are being used as quick turnaround test
facilities for the development of detectors for milli-
metre waves, X-rays and dark matter particles.

Principles of adiabatic demagnetization

Refrigeration by adiabatic demagnetization relies on
the dependence of the entropy S(7, B) of the magnetic
dipoles in a paramagnetic material on magnetic field
and temperature. Extensive discussions of this process
may be found in the literature’'~'>. The magnetic
entropy of actual paramagnetic materials can be
described in a semiquantitative way by reference to the
entropy calculated for an ideal paramagnet consisting
of n non-interacting moments per unit volume, each
characterized by a quantum number J

sinh[(2J+ 1) x/2]
sinh[x/2]

S(T, B)=nk[ln< >+x/2 cothx/2

~ (27 +1)x/2 coth (27 + 1)x/2]] (1)

where x=gBB/kT, B=9.27x10JT is the
Bohr magneton and k=1.38x10>*JK™' is Boltz-
mann’s constant.

The Landé factor g depends on the paramagnetic
material. For paramagnetic salts containing elements of
the iron group, g is close to the free spin value of 2 and
is isotropic. In some rare earth compounds, on the
other hand, g differs greatly from 2 and is strongly
anisotropic. Examples of the latter cases are the
paramagnets caesium magnesium nitrate and dyspro-
sium gallium garnet, commonly referred to as CMN
and DGG.

The function S(7, B) is plotted for the case g=2 in
Figure 1 for several values of J. For this ideal
paramagnet, the magnetic entropy in zero field has the
constant value § = nklIn(2J+ 1) at all temperatures. In
real paramagnets, interactions between the magnetic
moments themselves and/or the crystal field will split
the zero field degeneracy, resulting in a vanishing
entropy at zero temperature as required by the third
law of thermodynamics. Typically, these interactions
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Figure 1 Magnetic entropy of ideal paramagnet for various
values of Jand g=2

214 Cryogenics 1994 Volume 34, Number 3

become important at temperatures slightly above the
transition temperature at which the salt enters an
ordered magnetic phase. Therefore, the transition
temperatures give an estimate of the lowest tempera-
ture obtainable by demagnetization of a particular
paramagnetic material. Equation (1) is still approxi-
mately valid for temperatures = T;,, if we represent the
internal interactions by a fictitious internal field B, =
kg}ml//;).lgﬁ and replace B in Equation (1) by (B“+
Bint) .

Thus our estimate of the magnetic entropy of a real
material in zero external field is given by S(7, Bin)
from Equation (1). From this simple viewpoint, each
material is characterized by three parameters, n, J and
Bin.. For most candidate materials, the number of
moments per unit volume 7 is known from the chemical
formula and the crystal structure. The magnetic
moment quantum number is also generally known from
the magnetic ion and the site symmetry. The effective
internal field B;, can be estimated qualitatively from
the magnetic ordering temperature, or more quantita-
tively from low temperature measurements of magnetic
entropy.

The refrigeration cycle can be illustrated by refer-
ence to the S-T diagram'*'® of the paramagnetic
material chromic caesium alum (CCA) shown in Figure
2. The cycle begins at point A, at which the salt pill is
thermally connected to the high temperature reservoir
at temperature 7; by a heat switch. The magnetic
entropy at this point is essentially § = nkIn(2J + 1) per
moment. The salt pill is then isothermally magnetized
from zero applied field to the maximum field of the
magnet at point B. During this process, the spins
become aligned in the field direction and the entropy of
the salt is reduced by AS. The heat of magnetization,
corresponding to AQ = T;AS, is transferred to the
reservoir. The thermal contact to the reservoir is then
broken and the applied field is reduced adiabatically
along the path B — C. If the external field is reduced to
zero, the final temperature is determined by the
intersection with the curve for B = 0, which depends on
the effective internal Bj,,. Heat leaking into the salt pill
along supports or electrical connections then warms up
the system along the B =0 curve.

It is possible to maintain a detector at a constant
temperature by partially isolating it from the salt pill
and heating it to the desired temperature. The amount
of heat that the pill can absorb during this process is
represented by the area to the left of the B =0 curve.
A more efficient way to obtain a stable detector
temperature is called isothermal demagnetization. In
this cycle, illustrated in Figure 2, the salt pill is
demagnetized adiabatically to the point C where the
desired operating temperature T is reached. The field
is then reduced slowly along the path C — D as required
to compensate for the heat leak. During this isothermal
demagnetization, the salt can absorb an amount of heat
given by T:AS, which is the shaded area to the left of
the line C — D. The entropy difference per unit mass of
salt determines the time that the refrigerator will
operate between cycles. It can be maximized by
choosing a salt with an ordering temperature suffi-
ciently below the desired operating temperature that
S(T%, Bin) is close to its high temperature limit, but
also with a large J and large n per unit mass. Since the
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Figure 2 Entropy of CCA in a magnetic field calculated assuming two
doublets with a Stark splitting of 191 mK. The approximation breaks down near
the ordering termperature 7T=10mK. The lattice entropy is negligible below

=2K

value of Bj, increases with n and J, a compromise is
necessary. In practice, a salt is chosen with a suffi-
ciently small value of B;,, for which the values of n and
J are as large as possible.

Choice of paramagnet

The operating temperature of the SIRTF ADR was
chosen to be T;=100mK in order to meet the
requirement that the observations be background
limited. The paramagnetic materials commonly used
for this temperature range are hydrated salts containing
elements from the iron group. Two popular salts
are ferric ammonium alum (FAA) with J=5/2 and
chromic potassium alum (CPA) with J=3/2. The
dipole-dipole and exchange interactions in these
compounds are small due to the relatively large spacing
between magnetic ions. The effective internal magnetic
field is =~S0mT for FAA and =20mT for CPA.
A disadvantage of the alums is their tendency to
dehydrate at room temperature. This problem is
usually countered by coating the crystals with varnish
or sealing them in a vacuum-tight container. Much
effort has been made to find different materials with
low magnetic ordering temperatures which are stable
at room temperature. Some examples of candidate
materials are Cr** doped Al,O; (synthetic ruby) and
Er3* or Nd** substituted YAG. However, the degree
of dilution required to achieve a low ordering tempera-
ture results in a small entropy density and a smaller
cooling capacity than can be obtained from the alums.
It was therefore decided to use an alum in the SIRTF
ADR but one with better thermal stability than CPA or
FAA.

Since the SIRTF cryostat is likely to be baked before
cooling, the thermal stability of its components is a
major concern. The size of the non-magnetic cation in
the chromic alums influences the bonding strengths of
the waters of hydration. The water vapour pressure
decreases monotonically with increasing cation size for
fixed temperature. In this work, CCA was shown to

resist dehydration at room temperature and to with-
stand temperatures above 50°C without damage when
in a sealed container. The chemical formula of this
alum is CsCr(SQO,),-12H,0 which is the same as for
CPA with caesium substituted for potassium. Crystals
of CCA are dark violet in colour and have a density of
2.06gcm™. Its low temperature magnetic properties
are similar to those of CPA. The Landé factor g is
isotropic and =2 and J=3/2. The lowest degenerate
quadruplet is split into two Kramers doublets with é =
191mK by the crystal field'*!>. The remaining
degeneracy is lifted by magnetic and exchange inter-
actions with an ordering temperature of ~10mK.

Salt pill construction

A satisfactory design for the salt pill must solve
problems of mechanical support, thermal contact to the
salt, protection of metal parts from corrosion, preven-
tion of dehydration of the salt and avoidance of
excessive eddy current heating during demagnetization.

Several techniques have been used to obtain good
thermal contact to the salt. In one, crystalline slabs of
the salt are glued between layers of coil-foil (varnished
mats of fine copper wire). Another method is to
compress powdered salt with embedded wires or vanes
in a die. In the AXAF ADR, FAA crystals are grown
out of an aqueous solution on an array of gold-plated
copper wafers®. We crystallize the CCA salt directly
onto a mesh of 200 gold wires 0.25mm in diameter.
Gold is used for its high thermal conductivity and to
resist corrosion. The cost of the 25g of gold is not
prohibitive compared with the total cost of producing
the salt pill. The wires are held in a 1.5mm triangular
lattice by two Teflon spacers located at each end of the
salt pill, as shown in Figure 3. The bundle of wires
passes through a hole in a stainless steel cap and fills a
4 cm deep axial hole in the OFHC copper bolt, which
serves as the thermal bus to the bolometers. Silver
solder is used to fill the small gap between the wires and
the bolt. Solder is also flowed into a small cup at the
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Figure 3 Salt pill shown in cross-section on the left and external view on the

right

interface between the gold wires and the stainless cap.
The solder joint is afterwards gold plated or coated
with epoxy to protect it from corrosion. In this way, the
thermal resistance of the solder is minimized and the
only materials to contact the salt are gold, stainless
steel and epoxy, none of which is attacked sngmf:cantly
by any of the alums. Cadmium-rich silver solder'®
which becomes superconducting at temperatures below
100mK has been used in salt pills but can result
in trapping of magnetic flux, preventing complete
demagnetization. The silver solder used in this work
(Eutecrod 1800, Eutectic Corp., NY, USA) contains
no cadmium.

The copper bolt is threaded and electroplated with
25um of gold to resist oxidation. Mechanical and
thermal contact to the cold stage is made by clamping it
to the bolt between two gold plated copper nuts. A
second threaded copper bolt is attached at the opposite
end of the pill. The two copper bolts are used to
suspend the 100 mK stage from the 1.5K cold plate by
means of tensioned Kevlar cords?.

The salt pill is surrounded by a can made of
nominally non-magnetic 304 stainless steel to protect it
from dehydration in a vacuum. Stainless steel is used
because of its resistance to corrosion, its mechanical
strength and its poor electrical conductivity. Stainless
steel has a relatively large electronic heat capacity and
cooling it down to ADR operating temperatures leads
to a loss in available entropy AS = [(C/T)dT of the
overall cold stage. In our design, we use about 20 g of
stainless steel and thereby lose =3% of cooling capacity
at 100 mK.

The can consists of a 250 m thick tube with two end
caps. The end cap opposite to the gold wires was argon
arc welded to the tube before assembly. Two designs
have been used for the other end cap. One is designed
to be welded to the walls after assembly to provide a
reliable seal for space applications. Important features
of the design include the absence of contact between
the salt and the end cap and the extended side wall on
the end cap shown in Figure 3. Welding has been
successfully accomplished by taking care to heat sink
the side walls and the copper bolt. In a test weld
completed in 30s, the temperature rise in the salt close
to the end cap was measured to be =~5°C. The second
design consists of an epoxy seal (Stycast 2850 FT,
Emerson and Cumings, MA, USA) to an inverted end
cap, also shown in Figure 3. This approach proved
convenient during the experimental development.

Attention was given to sources of eddy current
heating. The power dissipation in a cylinder of length

216 Cryogenics 1994 Volume 34, Number 3

L, radius R and resistivity p and with the axis parallel
to the magnetic field is

P.aay=mB?R*L/8p )

In our design the dominant losses occur in the copper
bolts. Assuming a ramp rate of 1 T min !, the estimated
eddy current power is =1 uW. By contrast the eddy
current power of the stainless parts calculated from the
radial derivative of Equation (2) is =0.03 uW, while
the gold wires contribute =0.002 uW.

Salt pill growth

Growing crystals from solution requires that the
solution be supersaturated. This can be done by
reduction of the water content in the solution by
evaporation or by reducing the solubility of the salt by
cooling. We have adopted the latter method. A
schematic diagram of the growing apparatus is shown in
Figure 4. The salt pill skeleton is held in a Lucite mould
consisting of two blocks which, when bolted together,
leave a circular hole the diameter of the desired salt
pill. A narrow channel is cut into each block to allow
solution to flow around the Teflon spacers. Small
amounts of silicone rubber are applied to the joints to
make a water-tight seal. The copper bolt and attached
gold wires are cooled by thermoelectric coolers
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Figure 4 Growing apparatus for CCA salt pills



(DT 1089-13, Marlow Industries, TX, USA) to
encourage the preferential growth of crystals on the
wires. The temperature of the bolt is maintained near
0°C. The heat generated by the coolers is rejected into
an aluminium heat sink cooled by a fan. A Lucite
container containing saturated solution is mounted on
top of the mould.

The speed of growth is largely determined by the
solubility of the salt. The solubility of CCA in water is
9.6gdm > at T=25°C, compared to 244gdm™ for
CPA and 1244 gdm™ for FAA'”, as is shown in Figure
5a. The solubility of CCA can be greatly increased by
adding nitric acid'®, as shown in Figure 5b. Using 20%
of HNO; by weight leads to a 13-fold increase in
solubility with no change in the composition of the
crystal. Since CCA is not commercially available, we
obtain it by combining equivalent amounts of the
component salts Cs,SO, and Cr,(50,4)5-12H,0. 1t is
important to use the hydrated violet form of chromium
sulfate (Johnson—Matthey, MA, USA) for this purpose
and not the dehydrated greenish form. The saturated
solution at 25°C is mixed with a magnetic stirrer and
poured into the growing apparatus and allowed to cool.
Depending on the amount of solution in the container it
is necessary to exchange the depleted solution with
fresh saturated solution. The crystals grow readily
around the gold wires reaching a typical size of a few
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Figure 5 (a) Temperature dependence of solubility of CCA
compared with that of FAA and CPA. (b) Solubility of CCA as a
function of HNO; concentration at T=25°C
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millimetres, which is comparable to the wire spacing.
No damage to the crystals was observed after repeated
cycles between room temperature and T=77K. A
large crystal size improves the thermal conductivity of
the salt at low temperatures which is limited by the
grain size. Typically, the growth of a 40g (0.07 mole)
CCA pill requires two weeks.

The growth procedure for FAA pills is simpler due to
the large solubility of FAA. The solution container
shown in Figure 4 is not used. The Lucite mould is filled
with saturated FAA solution at room temperature. It is
then cooled to =10°C for one day in a refrigerator.
The mould is then opened and unwanted crystals are
removed. This cycle is repeated a few times until a
filling fraction of =90% has been reached.

Bake tests

Large cryostats, including those used on spacecraft, are
usually baked to reduce the pump-out time. The
temperature is limited by the possibility of damage
to sensitive components. In infrared spacecraft, for
example, indium bump bonded detector arrays are
particularly heat sensitive. The COBE Dewar was
baked at 10°C above ambient which reduced the pump
time by a factor of two'®. To be useful in most space
applications, a salt pill must survive this bake-out. The
maximum temperature which a salt can survive is
indicated by its melting point. FAA melts at 40°C, CPA
at 89°C and CCA at 116°C. Dehydration of the crystals,
however, typically starts at much lower temperatures.
Two CPA pills have been tested”® at NASA/Ames after
baking for two weeks at 50 and 70°C, respectively. The
refrigerator was able to reach 0.1 K using a pill baked at
50°C, but only a lower limit for the cooling capacity was
quoted. The performance of the pill baked at 70°C was
seriously degraded.

Bake tests of CCA were made by sealing crystals in
vacuum-tight vials to contain the water of hydration
and placing them in a temperature-regulated oven.
After baking, the crystals were removed from the vials
and visually inspected for damage. Dehydrated salt is
greenish in colour and was easily identified. It was
scraped off and weighed. We baked several containers
which were 10% full of CCA at 55°C for six weeks. The
average fractional degradation was determined to be
1%. The equilibrium water vapour pressure'’ of CCA
of =38 torr * at this temperature could be reached if 1%
of the CAA molecules each gives off a single H,O
molecule. A second bake test at 50°C for two weeks
with a 20% filling fraction yielded no observable
degradation. We therefore conclude that the sealed
CCA salt pill developed here can withstand a bake-out
temperature of 50°C for at least two weeks.

Thermal characteristics
The thermal contact between the paramagnetic salt and

the cold stage is a major factor in the efficiency of the
ADR. It is desirable to avoid large thermal gradients

*{torr=133.322Nm™2
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during demagnetization which cause irreversible heat
flows and an increase of the entropy of the pill.
Furthermore, short thermal time constants are benefi-
cial for active temperature stabilization at low tempera-
ture. Finally, a good thermal design minimizes the time
for isothermal magnetization and maximizes the duty
cycle of the ADR.

The time constant for reaching equilibrium within
the salt increases rapidly with decreasing temperature.
We use wires inside the salt to reduce the distances over
which heat flows in the salt and to increase the contact
area between metal and salt. The thermal conductivi-
ties of the metal parts are proportional to T whereas
the conductivity of the salt varies as T3. Moreover,
at temperatures below about 100mK, the thermal
boundary resistance at the salt—gold interface becomes
important. The boundary resistance between varnished
copper and CPA has been measured to be”'

Ry=AT/IP=30/AT? (K*cm*W™) 3)

where A is the boundary area and P the power flow-
ing across the interface. The theoretical value for
R, at the interface between gold and CPA is*
17/AT? (K* cm?® W), Values for the interface between
gold and other alums are expected to be similar.

Only limited amounts of thermal conductivity data
are available for the alums. The conductivity of single
crystal CPA has been measured® near T=0.2K to
be K=0.05T>*Wcem ™' K !. The conductivity of poly-
crystalline samples is expected to be even smaller
at low temperatures since the conductivity is then
limited by boundary scattering. In this limit, it has
been estimated'? that K=D T3*Wem ' K™!, where
D is the grain diameter in cm.

Table 1 lists the thermal conductivities and heat
capacities at 7= 100mK of the materials used in the
salt pill. The salt occupies a volume of ~30cm’ and
contributes most of the heat capacity of the pill. Table 2
contains estimates of the thermal resistances of various
parts of the thermal bus. Since the resistance down the
length of the salt is 100 times larger than the resistance
down the gold wires, the heat will flow predominantly
between the salt and nearest wire and along the wires.
A power input P into the 100mK stage will set up a
temperature gradient with AT = PR where the resist-
ance of the gold wires dominates the total R. Our ADR
has a heat leak of =0.25 uW and will therefore have a
AT=0.25mK.

The thermal time constant of the 100mK stage
depends on the heat capacity of the addenda. The time

Table 1 Thermal conductivities and heat capacities of salt pill
components at T= 100 mK. The experimental values of residual
resistivity ratio (RRR) for the metals between 4.2 and 300K are
shown

Component « (WK 'em™ C(JK'cm™) Comments
CPAZ3:24 5x107° 7.2x1073 B=0
Ay?5:26 1.2%x107! 7.3%x10°° RRR =146
Cu2'26 1.1x 107" 1.0x10°% RRR =88
Stainless 1x 10~ 3.6x10™ Heat
steel'"?’ capacity

extrapolated

from

T=1K
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Table 2 Estimated thermal resistances of salt pill components
at T=100mK

Component R(KW~™) Comments

Cu bolt 140 L=5cm
R=0.32cm

Au wires 830 L=10cm

R=1.25x10"2cm, 200 wires

Au-salt 140 A=125x102cm?
boundary R, = 17/AT3 (K*cm? W)
Silver 10 A=5cm?
solder L=5x103cm
Salt 5 Radial heat flow
r1=0.013cm
r2=0.07cm

constant of two stages with heat capacities C;, C;
connected by a thermal resistance R is 7= C{CR/
(Cy+C,), assuming that internal time constants can
be neglected. For example, if C,=0.2JK™ is the
capacity of the salt and C,=2.5x10*JK™' is due to
200 g of copper and R = 1000K W' is the resistance of
the gold wires, we obtain 7=C,R=200ms. By
contrast, the internal time constant 7, = C,R=200s
of the salt pill is considerably longer. However, in
regulation mode at a constant temperature, the salt is
approximately isothermal (provided the magnetic field
is homogeneous) and the effective time constant is
much smaller. These time constants could be reduced if
desired by increasing the number or diameter of the
gold wires.

Summary of performance

The measured cooling capacity of our salt pills is close
to theoretical expectations. The amount of heat the salt
pill can absorb at Ty is AQ = T¢AS = T¢[S(B;, Ti)—
S(0, Ty)]. For T;=1.6K, T;=0.1K, B;=2T and a
salt pill containing 0.065 mole of CCA, the calculated
cooling capacity AQ =26mlJ. The measured cooling
capacity at 100mK was =24 mJ. The difference can be
attributed to the fact that the magnetic field falls off
towards the ends of the pill. For a typical heat leak of
=0.25uW, the ADR hold time is about 26 h.

The durability of the salt pills is a major concern.
Among about eight salt pills produced over the last few
years, one FAA pill failed after many thermal cycles
between room temperature and liquid helium tempera-
ture because of a leak in the epoxy joint. The flight
versions of our pill are designed to be welded shut.
Because of the termination of the SIRTF project, not
all of the tests required to demonstrate the space
worthiness of our CCA pills have been carried out.
Since the salt is not rigidly constrained inside the can,
there is some concern that it could be damaged by
launch vibration. Vibration tests at 77K are planned
and will be carried out when the opportunity arises. It is
possible that a filler will be required to improve the
mechanical support.

Conclusions

We have successfully tested a novel salt material
(CCA) and shown that it is well-suited for demanding



space applications. We have designed and produced
reliable and efficient salt pills for use in ADRs to cool
IR and X-ray detectors. For less critical applications
the same design is usable with the common materials
FAA and CPA.
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